Transcription factor complexes bind to regulatory sequences of genes, providing a system of individual expression regulation. Targets of distinct transcription factors usually map throughout the genome, without clustering. Nevertheless, highly and weakly expressed genes do cluster in separate chromosomal domains with an average size of 80-90 genes. We therefore asked whether, besides transcription factors, an additional level of gene expression regulation exists that acts on chromosomal domains. Here we show that identical green fluorescent protein (GFP) reporter constructs integrated at 90 different chromosomal positions obtain expression levels that correspond to the activity of the domains of integration. These domains are up to 80 genes long and can exert an eightfold effect on the expression levels of integrated genes. 3D-FISH shows that active domains of integration have a more open chromatin structure than integration domains with weak activity. These results reveal a novel domain-wide regulatory mechanism that, together with transcription factors, exerts a dual control over gene transcription.
A few groups of adjacent genes in mammalian genomes have been found to exhibit coregulated expression, and examples of such domain-wide control include the Hox clusters (Gould 1997) , X chromosome inactivation (Plath et al. 2002) , and position effect variegation (PEV) exerted by heterochromatin on adjacent regions (Weiler and Wakimoto 1995) . However, it is assumed that the vast majority of human genes are individually regulated by transcription factor complexes.
The Human Transcriptome Map integrated high-throughput expression data measured by SAGE (serial analysis of gene expression) with the human genome sequence, which revealed that the genome consists of many domains of highly and weakly expressed genes (Caron et al. 2001) . The highly expressed domains (called ridges) are gene dense, GC rich, and SINE repeat rich, and the genes have short introns, whereas the weakly expressed domains (called anti-ridges) show the opposite characteristics (Lercher et al. 2003; Versteeg et al. 2003 ). Ridges were also described in the mouse genome (Mijalski et al. 2005) and were found to be relatively conserved compared to the human genome .
The highly expressed genes in ridges are generally broadly expressed throughout different tissue types (Lercher et al. 2002) . However, not all genes in ridges are highly expressed in each tissue type, and tissue-specific regulation of gene expression also occurs in ridges (Versteeg et al. 2003) . Adjacent genes in ridges can therefore have very different expression levels. This is in line with genome-wide analyses where expression of individual genes was not found to correlate over distances of more than two genes (Semon and Duret 2006) .
Ridges were recently found to be enriched for open chromatin fibers (Gilbert et al. 2004 ) and active promoters (Kim et al. 2005) . Nonetheless, it is not known whether the differential expression in ridges and anti-ridges is due to individual gene regulation, or if domain-wide mechanisms exert an additional effect (for reviews, see Hurst et al. 2004; Sproul et al. 2005 ). Here we present data that for the first time show that active domains in the genome contribute substantially to the expression of their embedded genes.
Results

Construction and sequencing of clone collection
To ascertain whether chromosomal domains can influence the activity of embedded genes, we studied the expression level of the same reporter gene integrated at many different positions in ridges, anti-ridges, and domains displaying intermediate gene expression. We infected human embryonic kidney cells (HEK293) with a lentiviral construct harboring the GFP gene driven by the ubiquitously expressed human phosphoglycerate kinase (PGK) promoter Zufferey et al. 1998 ). Cells were transduced at a low multiplicity of infection (MOI = 0.03) to favor single integrations. Individual GFP-positive cells were isolated by fluorescence-activated cell sorting (FACS), and equal numbers of clones with low, medium, and high GFP expression were selected for further expansion. More than 100 clones were cultured and analyzed by Southern blotting to select for single integrations (>90% of clones). The integration sites of the viral constructs were PCR-amplified, sequenced, and mapped onto the genome (see Methods and Supplemental Protocol S1). Insertion sites were unequivocally determined in 90 clones that had unique integrations in 21 chromosomes ( Fig. 1 ; Supplemental Table S1 ). Giemsa banding is illustrated below each transcriptome map: (yellow) centromere; (green) heterochromatic region; (red) ridges and (blue) anti-ridges are indicated by bars below the Giemsa banding. Black vertical bars represent genes (n = 20,382); their height indicates domain activity for a window of 49 genes (median expression of the surrounding 49 genes in 133 pooled SAGE libraries). Green lollipops indicate integration sites of all GFP constructs (n = 90). The height of each lollipop corresponds to the expression level of the integrated GFP construct. The numbered clones on Chromosome 1 were used for 3D-FISH analysis (see Fig. 6 ).
FACS analysis of all clones showed a broad range of GFP expression levels. Expression of GFP mRNA of 10 representative clones was analyzed by Northern blotting. The mRNA levels were quantified by PhosphorImaging and normalized to GAPDH levels, which revealed a linear correlation with the levels of GFP fluorescence (Pearson R 2 = 0.98, P = 10 ‫8מ‬ ; Supplemental Fig. S1 ), and thereby validated the use of fluorescence as a measure of transcriptional activity of the GFP gene. Analysis of seven representative clones showed that levels of GFP fluorescence were constant over an extended culturing period (Supplemental Fig. S2 ).
GFP expression in ridges is higher than in anti-ridges
The set of clones enabled us to analyze whether the domain of integration influenced the GFP expression levels. Figure 1 shows the position and GFP expression of all the 90 clones in the expression profiles of the Human Transcriptome Map. We analyzed whether integration in ridges confers a higher expression level to integrated constructs than integration in anti-ridges. We identified 22 clones with integrations in ridges and 14 clones with integrations in anti-ridges. Most clones with ridge integrations displayed high fluorescence, whereas most anti-ridge clones had a low to intermediate fluorescence (Figs. 1, 2A) . The average GFP expression of the ridge clones was 4.0-fold higher than of the anti-ridge clones, indicating a strong effect of ridges and antiridges on GFP transcription ( Fig. 2A ; P = 7.6 ‫ן‬ 10
‫3מ‬
, unpaired t-test; for this and all other analyses, GFP fluorescence and moving median values were log 2 transformed to obtain a normal distribution). The average expression of endogenous genes in ridges and anti-ridges differs by a factor of 3.9 (Fig. 2B) . The observation that an identical gene integrated in ridges or antiridges acquires the relative expression level of the domain of integration suggests a strong regulatory effect of the domain of integration. As the ratio of GFP expression in ridges and antiridges (4.0) is comparable to the ratio of endogenous gene expression in ridges and anti-ridges (3.9), a similar domain effect seems to act on the endogenous genes in ridges and anti-ridges.
The different ridges in the genome vary with regard to their median expression level, and hence they may also differ with respect to the effect they have on integrated GFP constructs. To estimate the maximal impact of domains on embedded genes, we compared clones with GFP constructs integrated in the most active and most inactive domains. Domain activity was defined as previously described (Versteeg et al. 2003) . In short, the median expression level of the 49 genes surrounding an integration site is determined for each clone (see Methods). The 10 clones with integrations in the most active domains have an 8.4 times higher average GFP expression than the 10 clones with integrations in the least active domains (Fig. 2C , P = 6.5 ‫ן‬ 10
‫5מ‬
, unpaired ttest). These findings show that identical transgenes integrated in different chromosomal regions acquire expression levels that strongly correlate with the expression levels of the domains of integration.
GFP expression correlates with activity of domains up to 80 genes long
The effect of the chromosomal domain on the expression level of the integrated GFP constructs could either result from local effects of genes adjacent to the integration site, or from a mechanism that acts on the domain as a whole. A local effect exerted by nearby active promoters and enhancers would predict a high correlation between expression of GFP and neighboring genes, while a domain-wide effect predicts a high correlation of GFP with the expression of the domain as a whole rather than with the neighboring genes. To analyze both possibilities, we calculated the median gene expression level for window sizes from 1 to 201 genes around each of the integration sites. Gene expression data were obtained by combining 133 different SAGE libraries of various tissue types (see Methods). This median expression level showed a strong correlation with GFP expression, being the highest for window sizes of roughly 19-79 genes around the integration sites (Fig. 3 , average R = 0.50, P < 10
‫6מ‬
) . The correlation between GFP and the immediate neighboring genes was much weaker (window size 1, R = 0.29, P = 0.007) (Fig. 3 
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Cold Spring Harbor Laboratory Press on November 2, 2017 -Published by genome.cshlp.org Downloaded from ridges and anti-ridges of 94 and 81 genes, respectively. As ridges are more gene-dense than anti-ridges, these values correspond to an average length of 6.2 Mb for ridges and 17.1 Mb for antiridges. The various ridges and anti-ridges in the human genome are, however, highly variable in length, and these numbers represent average values only.
Domain effect on GFP expression is stronger than effect of neighbor genes
The transcriptome profiles based on SAGE libraries from different tissues are not necessarily representative for HEK293 cells; thus we compared our GFP data with transcriptome profiles specific for HEK293. Even a large SAGE library is not powerful enough to generate a reliable transcriptome profile of an individual cell line; thus we used Affymetrix U133 Plus 2.0 microarrays to generate a HEK293 expression profile. The expression values were related to the same transcriptional units (TUs) on the genome as used for SAGE (see Methods). However, the SAGE data were obtained for 20,382 TUs, whereas the Affymetrix data covered only 16,841 (83%) of the TUs and were hence not as powerful in this respect. Nevertheless, we obtained transcriptome maps for all chromosomes of HEK293 with profiles comparable to the SAGE-based all-tissue map (data not shown). These maps enabled us to determine whether GFP expression in the clones was correlated with HEK293-specific expression data. Figure 3 demonstrates that the all-tissue activity and the HEK293-specific activity showed very similar patterns of correlation between GFP levels and domain-wide expression, with the HEK293 data again giving maximum correlations for the same domain sizes of roughly 19-79 genes and an average correlation of R = 0.36 (P < 4.9 ‫ן‬ 10 ‫3מ‬ ). Of note, also the HEK293-specific analysis showed a much weaker correlation between expression of GFP and the closest neighboring gene (R = 0.10, P = 0.39). This was also true for neighboring genes located either parallel or antiparallel to the GFP insert (data not shown). We performed Monte Carlo simulations as described above, using the HEK293 expression data. The confidence intervals are very similar to those calculated on the SAGE data and confirm the significance of the observed correlations (values of R > 0.35 were observed with a frequency of <1 ‫ן‬ 10 ‫3מ‬ for any individual window size). The breakdown of the correlation between GFP expression and domain activity at lower window sizes could suggest that the effect of the domain at large is much stronger than the effect of immediate neighboring genes. However, also here, it should be considered that the smaller window sizes include less expression data, which might result in a higher variance and consequently a drop in correlation. We therefore specifically analyzed whether neighboring genes affect GFP expression in HEK293. We first calculated the correlation between GFP levels and the average expression of the two immediate neighboring genes, then of GFP expression and the next two neighbors, and so on (Supplemental Fig. S4 ). This analysis is unbiased, as equal amounts of expression data are used for each calculation. The analysis showed that up to a distance of roughly 20 genes, there is a low positive correlation (average R = 0.1). Although this correlation is not significant for most individual points, it suggests a weak effect of neighboring genes on GFP expression levels.
To investigate the relative contributions to GFP expression by neighbor genes and by the domains at large, we made use of the earlier observation that not all highly expressed genes of the genome cluster in ridges. In fact, two-thirds of the highly expressed genes are found outside ridges. Moreover, not all genes in ridges are highly expressed. Ridges also include weakly and nonexpressed genes. This enabled us to independently assess the contribution of neighboring genes and of expression domains on GFP expression. We first split the set of GFP clones in two equally large groups, according to the average expression level of the two neighboring genes. The group of clones with high neighbor gene expression (Hi-N) and the group with low neighbor gene expression (Lo-N) showed only a slightly different average GFP expression (Fig. 4A) . We subsequently analyzed the relation to domain activity in each of the two groups. The Hi-N group was split in two equal groups, according to the median activity of the 49 surrounding genes (window size 49). Now we observed a strong relation to the average GFP expression level: domains with high activity had a 2.1-fold higher GFP expression than domains of low activity (Fig. 4B) . We also split the group of Lo-N in two halves, according to domain activity. Also here, a 2.3-fold higher GFP expression was found in the highly active domains, compared to the weakly active domains. This analysis shows that the domain of integration has a strong influence on the GFP expression level, while the effect of neighboring genes is limited. Controls for the distribution of domain activity and neighbor gene activity over the analyzed groups validate this conclusion (see legends to Fig. 4C-F) . We have repeated this analysis using only the expression of the closest neighbor gene as well as separating the Hi-N and Lo-N groups according to integration in ridge, intermediate, and anti-ridge domains. Each time we observed very similar results leading to the same conclusion (data not shown).
The conclusion that the expression of genes in ridges and anti-ridges is strongly influenced by an effect of the domain at large would make two predictions: Firstly, GFP expression should correlate with domain activity throughout the entire domain, including parts of the domain distant from the GFP integration site. Secondly, the correlation should break down at the border of 
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www.genome.org each domain. To test these predictions, we aligned all clones with a GFP construct in ridges or anti-ridges (n = 36) on their GFP integration site. As the GFP insertions divide each domain in two unequal parts, we oriented the domains such that the larger fragments were on the same side. We calculated the correlation between GFP expression of each clone and domain activity (using a window size of 21 genes) at various positions within and outside the domain. Figure 5 shows a plot of the correlation between GFP expression and domain activity at distances of 0, 25%, 50%, 75%, and 100% from the integration site to the domain ends. Outside the domains, we chose fixed positions of 11, 31, and 51 genes from the domain border. The correlation remains high throughout the domain but completely breaks down at the domain boundaries. Taken together, these results show that ridges and anti-ridges exert a domain-wide effect on GFP expression and form functional domains within the human genome.
Chromosome structure corresponds to GFP expression Several recent studies have examined differences in chromatin condensation and nuclear position of chromosomal domains. Among others, the group of Cremer has shown that gene-dense domains are positioned toward the nuclear interior (Bolzer et al. 2005) . Bickmore and coworkers found that gene-dense domains throughout the genome possess open chromatin fibers (Gilbert et al. 2004) , and they postulated that this domain-wide feature facilitates transcription (Sproul et al. 2005) . Goetze et al. (2007) analyzed the three-dimensional (3D) properties of specific ridge and anti-ridge domains in different cells and observed that ridge domains are less condensed and located more interiorly in the nucleus compared to anti-ridges, independent of cell type. To consolidate these structural studies with our functional analysis of chromosomal domains, we examined the 3D structure of the domains of integration. This was done using 3D-FISH in five clones with GFP insertions in chromosome 1 (labeled 1-5 in Fig. 1) . Two of the clones had integrations in anti-ridges in chromosomal bands 1p34 and 1q43 and showed relatively low GFP expression. In the other three clones, constructs integrated in ridges at 1q21 (2 clones) and 1q42 exhibited high GFP expression (Fig. 6A) . Nuclei of each clone were fixed to preserve the 3D structure and hybridized with fluorescently labeled BACs. Each clone was hybridized with 11 pooled BACs covering a domain of 2.2 Mb surrounding the specific integration site. 3D images of the integration domains were reconstructed from two-dimensional (2D) images obtained by confocal laser microscopy. The three integration domains of the clones with high GFP expression had significantly larger (P < 9 ‫ן‬ 10 ‫4מ‬ , unpaired t-test) diameters than the integration domains of the two clones with low GFP expression, which suggests a more open chromatin structure. The domains with high GFP expression also had a more interior nuclear position (P < 5 ‫ן‬ 10 ‫01מ‬ , unpaired t-test) ( Fig. 6B-E ), compared to the domains with low GFP expression (Supplemental Tables S2, S3 ). These findings show that the previously observed 3D characteristics of ridges and anti-ridges correspond to the functional activity of these domains that is described here. 
Discussion
Our results show that identical transgenes integrated in different chromosomal regions acquire expression levels that strongly correlate with the expression levels of the domains of integration. These chromosomal domains can exert a general activating or attenuating influence on embedded genes. Immediate neighboring genes also influence GFP expression, but this effect is more limited. The effect of the domains on the level of expression of inserted genes is considerable, and it is plausible that the endogenous genes in these domains are influenced in a similar manner. We have previously reported that expression of genes in ridges is not uniformly high (Versteeg et al. 2003) . In that study, we observed that some ridge genes displayed a tissue-specific expression pattern, because they could be silent in one tissue and highly expressed in other tissues. Ridges are defined not by high expression of all embedded genes, but by a high median expression of the domain as a whole. We discerned this high median expression in all studied tissues, although different genes made contributions in different tissues. The dynamic regulation of the expression of individual genes in ridges together with our finding of domain-wide control of expression suggest the existence of a dual mechanism of gene regulation: Transcription factors determine whether a gene will be expressed and also establish a basic level of transcription. In addition, there is a substantial effect of the domain in which genes are positioned, which potentiates the ultimate expression levels. Transcription factors controlling the PGK promoter probably determine a basal level of GFP expression, which can be modified up to eightfold by properties of the whole domain of integration. Such a dual mechanism would considerably augment the dynamic range of transcription factors: the same transcription factor could induce substantial expression of a target gene located in a ridge and low expression of a target gene situated in an anti-ridge. Clearly, that type of mechanism would bear on the evolutionary dynamics of gene repositioning in genomes. Comparison of conservation of gene position in expression clusters in mouse and man are in line with this idea . The domain-wide regulation could be based on an activating or a suppressive mechanism, or a combination of both. Activation as well as silencing of genes is often accompanied by changes in the histone code and/or DNA methylation, which can also trigger alterations in chromatin condensation. It is tempting to speculate that histone codes also play a role in the domainwide regulation of gene expression that we describe here. Histone modifications can spread over considerable genomic distances and have both been associated with silencing and activating mechanisms. In PEV and X chromosome inactivation, the longrange silencing of genes is accompanied by the spreading of trimethylated lysine 9 on histone 3 (H3K9me3) (Heard et al. 2001) . This silencing mechanism is mediated by the Swi6/HP1 proteins and Clr4/Su(var)3-9 histone methyltransferases (Bannister et al. 2001; Lachner et al. 2001; Nakayama et al. 2001; Noma et al. 2001) . Two recent publications have identified large regions of down-regulated genes in colon cancer (Frigola et al. 2006 ) and bladder tumors (Stransky et al. 2006) . In both cases, silencing was accompanied by trimethylated H3K9.
Also, active marks can spread and influence expression in large chromosomal domains. In Drosophila, the dosage compensation complex mediates the spreading of an active histone mark along the X-chromosome by acetylation of H3K16 (Kelley et al. 1999) . Genome-wide analyses also detected increased H3K9 and H3K14 acetylation (Roh et al. 2005 ) and H3K4 methylation (Bernstein et al. 2005) in transcriptionally active regions of the human genome, but these marks were mainly restricted to promoters and regulatory elements of genes and were thus concluded not to represent domain-wide modifications. Interestingly, Finnegan et al. (2004) observed that the expression of a transgene in Arabidopsis increased upon activation of the insertion domain, suggesting that spreading of an activating effect can occur. The ability to perform genome-wide analyses of a multitude of histone modifications will enable a further search for domain-wide marks (Barski et al. 2007 ). Our present results demonstrate that domain-wide regulation of gene expression is a general principle of the human genome, rather than a phenomenon restricted to a few specific loci.
Methods
Constructs
We obtained the lentiviral construct pRRL-PGK-GFPsin-18 and the packaging plasmids pMDLg/pRRE, pMD.G(VSV-G), and RSV-REV, as a kind gift of D. Trono and R. Zufferey (University of Geneva, Geneva, Switzerland) Zufferey et al. 1998) . The 3Ј long terminal repeat (LTR) has largely been deleted, abrogating the enhancer activity of the virus LTR . From this plasmid, we constructed pRRL-FLL by cloning two LoxP sites (flanking the PGK-GFP cassette) and a Flp-In Recombination Target (FRT) site (directly upstream of the first LoxP site) into the pRRL-PGK-GFPsin-18 vector (see Supplemental  Table S4 for DNA oligonucleotides used for construction of pRRL-FLL). Using a three-point ligation, two double-stranded (an- Figure 5 . Correlation between GFP expression and domain activity for various relative positions within and outside the domain. All clones with a GFP construct in a ridge or anti-ridge (n = 36) were aligned on the position of their GFP construct. For all clones, the border with the largest physical distance to the GFP integration site was determined (far border) and used to orient them alike. Using a window of 21 genes, the domain activity was determined at various relative positions within the domain at 25%, 50%, 75%, and 100% (i.e., the border) of the physical distance between the GFP construct and each border. The domain is represented by a gray box in between both borders. Using the same window size, correlation was calculated outside the domain at a distance of 11, 31, and 51 genes. Correlation is significant for all positions within the domain (P < 0.028), but not for any position on the border or outside the domain. In D the X-axis shows the relative position of the domain, ranging from 0 (center) to 1 (nuclear periphery). In E the X-axis depicts the largest diameter in 3D of a domain. The histograms and images show that the ridge domains (clones 1-3) localize more to the interior and are less condensed than the anti-ridge domains (clones 4 and 5). nealed) oligonucleotides containing an FRT site (FRTfw and FRTrev) and a LoxP site (LOX1fw with LOX2fw), were cloned into pRRL-PGK-GFPsin-18 after digestion with XhoI and ClaI (Roche). Subsequently, one double-stranded (annealed) oligonucleotide (Lox2fw and Lox2rev) containing a second LoxP site was cloned into the SalI (Roche) digested vector. Ligation mix was re-digested with SalI, to select for successfully ligated plasmids (insert disrupts the SalI site).
Cell culture, lentiviral transduction, and FACS analysis HEK293 cells and 293T cells were cultured in DMEM (Invitrogen) containing 10% fetal calf serum. For production of lentivirus, 293T cells were calcium-transfected with the lentiviral construct pRRL-FLL and packaging plasmids. Titer was determined by FACS analysis using a FACSCalibur (BD Biosciences) of counted HEK293 cells transduced with different dilutions of virus. One week after transduction, clones were single-cell-sorted on a FACSVantage SE or FACSAria (BD Biosciences). Cells displaying fluorescence (∼3%) were gated for low, medium, and high fluorescence. From each gate, equal amounts of 96-well plates were seeded with single cells. Clones were passaged to 6-well plates, trypsinized, kept on ice, and analyzed for fluorescence (FITC channel) on a LSRII FACS (BD Biosciences), which was calibrated with EGFP Calibration Beads (BD Biosciences).
RNA isolation and Northern blot analysis
Total RNA was isolated using TRIzol (Invitrogen) and purified with RNeasy (QIAGEN). For Northern blot analysis, samples were separated on a 1% agarose gel containing 6.7% formaldehyde and transferred to Hybond-N membranes (Amersham Biosciences), which were hybridized with radioactively labeled probes. For the GAPDH probe, HEK293 cDNA was made using HEK293 total RNA and a Superscript II RT-PCR Kit (Invitrogen). PCR on the HEK293 cDNA was performed with GAPDHfw (GGGCT GCTTTTAACTCTG) and GAPDHrev (AGGCTGTTGTCATA CTTCTC) primers. The PCR product was checked by sequencing. The GFP probe was made using PCR on the pRRL-FLL construct with the GFPfw and GFPrev primers. A STORM 860 PhosphorImager (Amersham Biosciences) was used to quantify signal intensities.
DNA isolation and Southern blot analysis
Genomic DNA was isolated from HEK293 cells with the Wizard SV Genomic DNA Purification System (Promega) and digested overnight with PstI or BamHI (Roche). Digests were separated on 0.8% agarose gels, transferred to Hybond-N+ membranes (Amersham Biosciences), and hybridized with radioactively labeled probes for detection of the DNA fragment containing the lentiviral construct. Probes were generated by PCR on pRRL-FLL. For detection of the 3Ј-fragment, a GFP probe was generated with GFPfw (GACGTAAACGGCCACAAGTT) and GFPrev (GAACTC CAGCAGGACCATGT) primers. For detection of the 5Ј-fragment, a probe against the lentiviral backbone was made with HIVfw (GAGAGAGATGGGTGCGAGAG) and HIVrev (GATGCCCCA GACTGTGAGTT) primers.
PCR amplification and sequencing of integration sites
Integration sites were PCR-amplified using a splinkerette-based PCR approach (Devon et al. 1995; Mikkers et al. 2002) . In short, chromosomal DNA (isolated as described above) was digested and ligated to annealed adapter oligonucleotides (splinkerettes), and the fragment containing the lentivirus was amplified by nested PCR using primers complementary to the splinkerette and the LTRs and subsequently sequenced. For more details, see Supplemental Protocol S1.
Mapping of sequences
We developed Perl scripts to analyze sequences. In short, LTR and splinkerette sequences were removed from the ends of all sequences, leaving the genomic sequences. To prevent using lowquality sequences, sequences containing more than 10 ambiguous base calls or more than 600 bp were cut off at either the tenth ambiguous base or base 600. Sequences were mapped against the human genome (UCSC build HG15) using the BLAT algorithm (http://genome.ucsc.edu/). Matches were excluded if (1) the aligned genomic DNA fragment was <45 bp, or (2) the sequence identity was <95%, or (3) there was no unique best hit within the BLAT ranking. On average, aligned sequences were 270 bp long and had a sequence identity of 99.3%. The first nucleotide in the sequence outside of the viral LTR represents the exact position of the viral integration site. As a control, 29 clones were sequenced from both the 5Ј-and 3Ј-LTR, which yielded the same genomic position in all cases.
Microarray analysis
RNA was isolated from two duplicate cultures of untransduced HEK293 cells that were both analyzed on microarrays. RNA sample integrity was checked on an Agilent 2100 Bioanalyzer (Agilent Technologies). Four micrograms of total RNA was used for cRNA synthesis and fragmented. Labeling was performed with One-Cycle cDNA Synthesis Kit (Affymetrix). Sample quality was checked on a Bioanalyzer prior and after fragmentation. Ten micrograms of labeled cRNA was hybridized to Affymetrix Human Genome U133 Plus 2.0 arrays according to the manufacturer's protocol (Affymetrix) at the Microarray Department of the University of Amsterdam (MAD, Amsterdam, The Netherlands). Arrays were scanned with a GeneChip Scanner 3000 (Affymetrix).
Microarray data analysis and generation of transcriptome maps
Expression data (.cel files) were normalized using the MAS5 algorithm using GCOS software (Affymetrix). Data from the duplicate arraying experiments were averaged and further analyzed. We developed a Perl script that linked Affymetrix probesets to transcriptional units (TUs), which have been described previously (Versteeg et al. 2003) , in the following manner. All consensus and exemplar sequences used for Affymetrix U133 plus 2.0 probe set generation were mapped to the human genome sequence (UCSC build HG15) using the BLAT algorithm (http:// genome.ucsc.edu/). We then checked for overlap of every mapped sequence with the exons of TUs. If the orientation of TU and Affymetrix sequence was in agreement or if the TU was unoriented (1273 TUs), the probe set associated with the Affymetrix sequence was linked to the TU. All probe sets linked to more than three TUs were removed from the data set. This resulted in 16,841 (of 20,382) TUs linked to one or more probe sets. Expression values of TUs not coupled to any probe set were treated as missing values (but do determine window size). For each TU, the average signal for all linked probe sets was calculated. Transcriptome maps were generated by calculating a moving median over 49 TUs (MM49). In short, the median is calculated over the 24 TUs situated upstream and downstream of the TU in question and the TU itself. This is done separately for each TU on every chromosome, providing a set of moving medians. The Human Transcriptome Map, based on 133 SAGE libraries from different tissue types, was also mapped to UCSC genome build HG15 and Domain-wide regulation of gene expression
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Data analysis and statistics
Fluorescence values obtained by FACS analysis were corrected for background by subtracting fluorescence values measured for normal HEK293 cells. For all analyses, background-corrected fluorescence values and expression data (SAGE and Affymetrix) were log 2 -transformed in order to obtain data sets with a normal distribution. All calculations and statistical tests were done using SPSS 12.0.1 (SPSS Inc.), Perl scripts, and Excel 2002 (Microsoft Corporation). All correlations were calculated using the Pearson correlation coefficient (two-tailed significance). Significance of all differences was calculated with an unpaired t-test (assuming unequal variance, two-tailed significance). The fold difference (F d ) between groups of clones was calculated by subtracting the mean log 2 -transformed GFP values from each other, which yields the log 2 of the fold difference: 2 log(F d ) = ⌺[ 2 log(GFP A )]/ n A ‫מ‬ ⌺[ 2 log(GFP B )]/n B . Median values over window sizes were calculated in the following manner: for window size 1, the (log 2 -transformed) expression value of the TU closest to the integrations site was used. For window size 3, the median was calculated over the nearest TU and the two adjacent TUs, and so on. Monte Carlo analysis was performed with a Perl script that distributed the actual GFP expression values randomly over the clones (i.e., one permutation). Subsequently the Pearson correlation with the actual domain activities was calculated, using either expression data of 133 SAGE libraries or HEK293 microarray data. This was done for 1 million permutations per window size. The significance of R-values of R Ն 0.45 was calculated by taking the sum of all frequencies of R Ն 0.45 for any given window size.
Confocal laser-scanning microscopy and 3D-FISH
All experiments were performed in duplicate. For each experiment, 30-60 nuclei were 3D-imaged. Twelve-bit images were recorded using an LSM 510 confocal laser-scanning microscope (Carl Zeiss Inc.) equipped with a 63 ‫ן‬ /1.4 NA Apochromat objective. We used an Ar-ion laser at 364 nm and an Ar laser at 488 nm to excite DAPI and FITC fluorochromes, respectively. Fluorescence was detected with a 385-470-nm bandpass filter for DAPI and a 505-530-nm bandpass filter for FITC. Images were scanned as 512 ‫ן‬ 512 ‫ן‬ 90 to 512 ‫ן‬ 512 ‫ן‬ 140 voxel images with a sampling rate of 50 ‫ן‬ 50 ‫ן‬ 100 nm (x, y, z) . Per nucleus, 150 images with 100-nm height increments (in z-direction) were combined for the construction of 3D images. See Supplemental Protocol S2 for more details.
3D-FISH analysis
The radial nuclear position p n [p n = (r 0 /r n ) 2 ] of a chromosomal domain was calculated as the distance between the center of gravity (COG) of a domain and the center of the nucleus (r 0 ), divided by the length of a line from the nuclear center to the nuclear envelope through the COG of the domain (r n ). This (relative) value is then squared to correct for the higher probability of a domain to be located more toward the nuclear periphery. Diameter is the largest longitudinal section of the 3D domain.
